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Three gemini and two bolaform bisphosphate surfactants of the type 12-s-12, with s ) 6, 8, 12, 18, and
24 carbon atoms, have been synthesized and their aggregation behavior has been studied. The bolaform
surfactants 12-18-12 and 12-24-12were found to form vesicles in aqueous solution, as indicated by electron
microscopy. Thegeminis 12-6-12, 12-8-12, and12-12-12 formmicellar structures. The cmc’s of the geminis,
obtained from conductivity measurements, spectroscopic methods, andmicrocalorimetry, are very low, on
the order of 10-4 to 10-5M. The cmcdecreaseswith increasing spacer length. For thebolaformamphiphiles
12-18-12 and 12-24-12 noncooperative phase transitions are detected using fluorescence depolarization
andDSC. NMRline-broadening studies displayunusual behavior. The spacerwithin the 12-24-12 vesicles
has been found to be membrane spanning, as confirmed by X-ray powder diffraction.
Introduction
Bolaform-typeandgemini-type surfactantshavegained
much interest over the last years, because of theirunusual
aggregation properties,1-10 compared to those of the
corresponding conventional surfactants. Bolaform am-
phiphiles are found in natural membranes of archaebac-
teria, a class of organisms that live in habitats with
extreme circumstances, such as high temperatures, low
pH values, and saturated salt environments.11 When
there is a single spacer, this spacer is longer than the
other chains and is thereforemembrane spanning in such
membranes. Other types of bolaformmembranes consist
of two membrane-spanning spacers. As a result, these
membranespossess anunusual thermodynamic stability.
Theydisplayavery slow lateral and transversal diffusion,
and they resist fusion. Several synthetic bolaform am-
phiphiles have been studied.10,12-21 They were found to
form monolayer structures with a membrane-spanning
spacer as well. In a few cases, backfolding of the spacer
has been observed.3,22-24
Gemini surfactants have much shorter spacer lengths.
They formmicellar structures in aqueous solution due to
considerable backfolding of the spacer.3,6,10 Their proper-
ties are different from those of single-chained micelle-
forming amphiphiles. The most pronounced differences
are the extremely low cmc’s and lowKrafft points.4 Zana
et al.5-10 have reported studies on m-s-m type geminis
with two tetraalkylammonium headgroups. They found
that geminis with short spacers (C2 and C3 chains) form
threadlikemicelles and that thosewith spacers ofmedium
length (C5-C12) form spherical micelles.10 Geminis with
rigid spacers, which cannot fold back, display other
unusual properties.3 For these geminis, premicellar
aggregates are believed to be formed at concentrations
just belowthe cmc. Despite rather extensive studies, their
exact aggregation behavior in aqueous solution is still not
fully understood.
We became highly interested in these new types of
amphiphiles, because of several potential applications,
such as, for instance, drug targeting. For this reason, we
wanted to synthesize bolaform- and gemini-type surfac-
tants which would have a membrane spanning spacer
within a vesicular aggregate. In this paper,we report the
synthesis and some physical properties of three gemini-
type and two bolaform-type amphiphiles with two phos-
phateheadgroups, twododecyl chains, andone connecting
spacer of variable length s (Figure 1).
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Figure 1. Synthetic sequence for the preparation of the 12-
s-12 surfactants. s ) 6, 8, 12, 18, and 24.
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Following the nomenclature used by Zana et al.,6 the
amphiphiles will be called m-s-m with m ) 12. As no
clear distinction has been made so far in the literature
between bolaform and gemini surfactants, we propose to
definebolaformsurfactantsas thosehavingaspacer longer
than the other chains (s > 12 in the present work) and
gemini surfactants as those with shorter spacers. This is
a useful definition in light of our results (see Results and
Discussion),whichprove that clear relationships between
molecular and aggregate structure exist.
Results and Discussion
Synthesis. The novel amphiphiles were synthesized
according to the method described by Bauman,25 as
outlined in Figure 1. In all cases, the chemical yields
were excellent. The surfactants were all converted into
their disodium salts and checked using IR spectroscopy26
prior to the experiments.
Electron Microscopy. For the geminis 12-6-12, 12-
8-12, and 12-12-12, no vesicular structures were found
with either transmission electron microscopy (TEM) or
freeze fracture electron microscopy (FFEM). Similar
resultswere obtainedbyZana et al.6 for the corresponding
dimeric ammonium amphiphiles.
For the bolaform amphiphiles 12-18-12 and 12-24-12
unilamellarandmultilamellarvesicleswereobservedwith
both TEM and FFEM. Some micrographs are shown in
Figure 2. The vesicles varied in size between 150 and 700
nm. Vesiclespreparedwith theethanol injectionmethod27
(Experimental Section)were smaller than those prepared
by simply stirring the surfactant solution. This is a
common phenomenon.28 The vesicular solutions were
stable above their Tc for several months, as monitored by
TEM and by visual inspection of the slightly turbid
solutions. No differences could be detected between the
samples prepared in double-distilled water and those
prepared in aqueous NaAc/HEPES buffers (pH ) 7.4).
PhaseBehavior. The phase transition temperatures
(Tc) were determined by fluorescence depolarization,29
DSC,13,30-32 andNMR.14,27,33 The results are summarized
in Table 1.
The method of vesicle preparation (Experimental Sec-
tion) had no effect on the results. With fluorescence
depolarization, a gradual, noncooperative transition was
found for 12-18-12 and 12-24-12, as is shown in Figure 3.
The transition range was 22-75 °C for 12-18-12 and 26-
64 °C for 12-24-12.
Noncooperativity has been observed previously for
bolaform amphiphiles30,31 having a membrane-spanning
spacer, probably due to the presence of gaps in the outer
leaflets of the vesicles.30,34,35 Due to this noncooperativity,
it is difficult to define a precize phase transition tem-
perature. We have, therefore, also determined the Tc of
12-24-12 with DSC, a method which does not depend on
the use of a probe molecule. The DSC curves are shown
in Figure 4.
The result of the analysis of the curves32,36 is listed in
Table 2.
A fairly cooperative transition at 60.5 °C is observed,
with a transition enthalpy of 32.7 ( 0.8 kJ (mol
(25) Bauman, R. A. Synthesis 1974, 870.
(26) Bellamy, L. J.; Beecher, L. J. Chem. Soc. 1953, 728.
(27) Rupert, L. A. M.; Van Breemen, J. F. L.; Van Bruggen, E. F. J.;
Engberts, J. B. F. N.; Hoekstra, D. J. Membr. Biol. 1987, 95, 255.
(28) Kremer, J. M. H.; Esher, M. W. J. v.d.; Pathmamanoharan, C.;
Wiersema, P. H. Biochemistry 1977, 16, 3932.
(29) Andrich, M. P.; Vanderkooi, J. M. Biochemistry 1976, 15, 1257.
(30) Yamauchi,K.;Moriya, A.; Kinoshita,M.Biochim.Biophys. Acta
1989, 1003, 151.
(31) Fuhrhop, J.-H.; Liman,U.;Koesling, V.J.Am.Chem.Soc.1988,
110, 6840.
(32) Blandamer, M. J.; Briggs, B.; Cullis, P. M.; Engberts, J. B. F.
N.; Hoekstra, D. J. Chem. Soc., Faraday Trans. 1994, 90, 1905.
(33) Nagamura, T.; Mihara, S.; Okahata, Y.; Kunitake, T.; Matsuo,
T. Ber. Bunsen-Ges. Phys. Chem. 1978, 82, 1093.
(34) Fuhrhop, J.-H.; Fritsch, D. Acc. Chem. Res. 1986, 19, 130.
(35) Hentrich, F.; Tschierske, C.; Zaschke, H. Angew. Chem., Int.
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Figure 2. (a, top) Freeze fracture electron micrograph of
vesicles of 12-24-12. Bar represents 100 nm. (b, bottom)
Transmission electron micrograph of vesicles of 12-24-12. Bar
represents 300 nm.
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monomer)-1 (average of two independent analyses). A
similar apparent discrepancy between the DSC and
fluorescencedepolarizationmeasurementshasbeen found
before.32 Its origin can be attributed to the noncooper-
ativityof thephase transition. Since theDSCexperiments
involved heating and fluorescence depolarization mea-
surements involved cooling scans, the onset of the
inclination in the fluorescence depolarization plot at high
temperature should indicate the actualTc. For 12-24-12,
this is ca. 64 °C, which is in better agreement with the
DSC experiments.
Fluorescence depolarization studies with the geminis
gave rather capricious results. This is shown in Figure
3 as well.
For 12-6-12, a nearly straight line was obtained,
characteristic for micelles. The polarization P at low
temperatures, however, is rather high for micellar struc-
tures. The Krafft point lies below 0 °C, because no
precipitation of 12-6-12 crystals at the lowest temperature
was observed. Thus, the micelles of 12-6-12 appear to be
less dynamic than conventionalmicelles. Similar results
were obtained for 12-8-12 (not shown) and 12-12-12 at
concentrations well above the cmc (vide infra). At
concentrations slightly above the cmc, however, P gradu-
ally reachedvalues>0.4 at low temperatures, apparently
indicating that themicelles become less dynamic at lower
concentrations. This may be ascribed to probe-induced
aggregation of the amphiphiles at low concentrations.
Attempts to determine the Tc of 12-24-12 with NMR
line-broadening experiments were not successful. As is
shown in Figure 5, line broadening occurs at high
temperatures,which is opposite to the normal behavior.33
This result is reproducible for both 1H and 31P NMR
experiments. It looks as if the alkyl chains and the
headgroups become more flexible below Tc, which, of
course, conflicts with expectation.
Critical AggregationConcentrations. The critical
aggregation concentrations were determined using con-
ductivity measurements, microcalorimetry, and spectro-
scopic methods (pyrene fluorescence37 and pinacyanol
chloride absorption38). The results are summarized in
Table 3. It was not possible to determine critical vesicle
concentrations (cvc’s) for the bolaform amphiphiles 12-
18-12 and 12-24-12 with either method, because they are
probably too low foraccurate experimental determination.
For the geminis, the conductivity plots show one clear
break at the cmc. The obtained cmc’s are 0.35, 0.48, and
0.06 mM for 12-6-12, 12-8-12, and 12-12-12, respectively.
Figure 6 shows the conductivity plot for 12-6-12. The
counterion binding constants â, estimated from the ratio
of the slopes after and before the cmc, are small, 0.16 for
12-6-12, 0.38 for 12-8-12, and 0.12 for 12-12-12. Appar-
ently, theheadgroup repulsionwithin themicelle is small,
probably due to the spacer, keeping the headgroups far
apart from each other.
Spectroscopic determination of the cmcgave cmcvalues
that are somewhat lower than those obtained from
(36) Blandamer,M. J.; Briggs, B.; Cullis, P.M.; Green, J. A.;Waters,
M.; Soldi, G.; Engberts, J. B. F.N.; Hoekstra, D.J. Chem. Soc., Faraday
Trans. 1992, 88, 3431.
(37) Thomas, J. K. Chem. Rev. 1980, 80, 283.
(38) Corrin, M. L.; Klevens, H. B.; Harkins, W. D. J. Chem. Phys.
1946, 14, 480.




depolarization 1H-NMR 31P-NMR DSC
12-6-12 c g g g
12-8-12 c g g g
12-12-12 47.5 (35-60)b,d g g g
12-18-12 48.5 (22-75)b g c g
12-24-12 45 (26-64)b 59 (48-70)f 69 (63-75)e 60.5e
44 (30-58)e 67 (62-72)f
a Listed values are the midpoints of the transition range, listed
between brackets. b EtOH injection method in buffer. c No Tc
measurable. d At6.610-5M. e Stirringmethod indouble-distilled
water. f Stirring method in D2O. g Not determined.
Figure 3. Results of the fluorescence depolarization experi-
ments for 12-18-12 (O), 12-24-12 (9), 12-6-12 (+), and 12-12-12
([, 6.6  10-5 M; ], 7.8  10-4 M).
Figure 4. DSC scans for 12-24-12. Scans 1-4 are heating
scans obtained immediately after cooling to 20 °C; scan 5 is a
heating scan after standing at 20 °C for 11 h.
Figure 5. Results of the 1H (+) and 31P (O in D2O;b in double-
distilled water) NMR experiments for 12-24-12.
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conductivity. Thisdiscrepancymaybeattributed toprobe-
induced micellar aggregation, causing a local change in
mediumpolarity3,16 at concentrations just belowtheactual
cmc. It has been argued before that conductometry
indicates the end of the micellization process, whereas
the spectroscopic methods indicate the onset of the
micellization process,16 becausemicellization occurs over
a concentration range rather thanata fixed concentration.
The plots of the microcalorimetry experiments are
shown in Figure 7. The cmc’s, obtained from the enthal-
pograms, agree well with those obtained by the previous
methods. The geminis display nonideal behavior below
the cmc, which increases with the spacer length. It can
be ascribed to the thermodynamic nonideality of the
solutions,39 giving rise to an endothermic peak.
Themicellization enthalpies are nearly identical for all
geminis. They are -10.8, -11.7, and -10.5 kJ/mol for
12-6-12, 12-8-12, and 12-12-12, respectively. The cmc’s
of the geminis are extremely low. This is characteristic
for gemini-type surfactants. The cmc decreases upon
increasing the spacer length. Zana et al.6,8 have reported
similar results for the correspondingammoniumgeminis.
The corresponding cmc’s are listed in Table 3 as well for
comparison.
X-ray Powder Diffraction. In order to determine
whether or not the spacer is membrane spanning in the
vesicles, X-ray powder diffraction (XRD) studies were
performed ondried amphiphile solutions. The reflections
were interpreted as due to ordering of the material in
stacked layers or membranes, with a d-spacing identical
to themembrane thickness. From this value, amolecular
picture of the packing of themembranes is proposed. The
results are summarized in Table 4 and Figure 8.
12-18-12 showed a membrane thickness d ) 40.9 Å, on
the basis of the third-, fourth-, fifth-, and sixth-order
reflections. Alternatively, by assigning the first observed
reflection as being of second order, d ) 27.2 Å, pointing
to a membrane-spanning C18 spacer. Extension of our
studies to the low-angle range unambiguously identified
the first-order reflection corresponding to a d-spacing of
41.4 Å, which is consistent with a packing in bilayers of
C12 chains. The 27.5 Å reflection, however, is very strong
and probably indicates polymorphism with the presence
of tilted C18 monolayers. It should also be noted that a
very broad reflection was noted at low angle (d ) 75.3 Å),
which cannot be rationalized in terms of packing on the
basis of the geometry of themolecule. Dehydration effects
were noted when the relative humidity in the specimen
chamber of the diffractometer was lowered. At 50%
relativehumidity, peaks corresponding todvalues of 75.3,
41.4, and 27.5 Å were found. At 0% relative humidity,
the75.3Åreflectionwasnotaffected, andathigherangles,
(39) (a) Bijma, K. Ph.D. Thesis, University of Groningen, 1995. (b)
Bijma, K.; Engberts, J. B. F. N.; Blandamer, M. J.; Cullis, P. M.; Last,
P. M.; Irlam, K. D.; Soldi, L. G. J. Chem. Soc., Faraday Trans. 1997,
93, 1579.
Table 2. DSC Measurements for 12-24-1232,36
∑H ∑Hint Tc n
T in °Ca 53 57.7 60.1 62.0
Ha in kJ (mol patch)-1 372 950 1113 1142
3577 3573 60.8 109
T in °Cb 53.4 57.9 60.5 62.1
Hb in kJ (mol patch)-1 213 757 887 552
2409 2377 60.2 73
a Analysis of scans 2, 3, 4, and 5. b Analysis of the first scan.
Table 3. Cmc’s (mM) of the 12-s-12 Surfactants Obtained by Different Methodsa
s conductivity pyrene pinacyanol chloride microcalorimetryd cmc ammoniumf
6 0.35 ( 0.05 b 0.19 ( 0.03c 0.36 (0.17-0.53) 1.03g
(â ) 0.16) ¢Hmic ) -10.8e 1.12h
8 0.48 ( 0.04 0.15 ( 0.03c 0.10 ( 0.01c 0.17 (0.08-0.25) 0.83g
(â ) 0.38) ¢Hmic ) -11.7e 0.89h
12 0.06 ( 0.01 0.044 ( 0.003c 0.035 ( 0.002c 0.04 (0.02-0.05) 0.37g
(â ) 0.12) ¢Hmic ) -10.5e 0.28h
a Values for â are (0.02; micellization enthalpies in kJ/mol. b Not determined. c Midpoint of the transition range. d Values between
parentheses indicate the concentration range between the plateaus. e Micellization enthalpy at 30 °C in kJ/mol. f Cmc of the corresponding
12-s-12 bisammonium gemini surfactant. g Conductivity measurements.6 h Surface tension measurements.8
Figure 6. Typical plot of the conductivity vs surfactant
concentration.
Figure 7. Result of the microcalorimetric study of the
micellization of 12-6-12 (0), 12-8-12 (b) and 12-12-12 (O). Note
the nonideality at the onset of the plots.
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additional ‘shadow’ peaks appeared at 40.8 and 26.3 Å,
indicating slow dehydration.
For 12-24-12, the second-, third-, fourth-, and sixth-
order reflections, corresponding tod)38.6Å,were found.
This is consistent with a membrane-spanning spacer, as
well as with a C12 bilayer. Some reflections were not
accounted for by this interpretation. Extension of our
studies to the low-angle range definitely established the
presence of a first-order reflection of 38.8 Å. Variation of
the relative humidity gave an indication of the origin of
some reflections hitherto not accounted for. The diffrac-
tion patterns are shown in Figure 9. Diffraction peaks at
2ı values of 2.5-3°, 5-6°, and 7.5-9° are assigned to
first-, second-, and third-order reflections, respectively,
of periodicities of 38.8 Å (50% RH) and 36.3 Å (0% RH).
Additional diffraction peaks at 2ı values of 3.5° and 7°
are assigned to first- and second-order reflections of a less
water-sensitive periodicity of approximately 30 Å, indi-
cating some polymorphism in the sample. The difference
in spacing points to the disappearance of a layer of one
water molecule between the amphiphile layers.
The geminis 12-8-12 and 12-12-12 were also studied. A
dried sample of 12-8-12 showed reflections, corresponding
to d being either 23.9 or 47.9 Å, depending on their
assignments. This points to apacking of non-intercalated
monolayers or bilayers. Measurements on the low-angle
diffractometer confirmed the d of 24.0 Å but did not give
more positive evidence regarding the question whether
this was a first- or second-order reflection, as no first-
order reflection corresponding to ad of 48Åwas observed.
The sample also showed polymorphism, with weak ad-
ditional reflections at 34.7 (corresponding to an interca-
lated bilayer), 30.1, and 24.0 Å.
A dried sample of 12-12-12 showed a d of 20.7 Å, on the
basis of the first-, second-, third-, and fourth-order
reflections. This d is consistent with a packing in tilted
C12 monolayers, with amembrane-spanning spacer. The
presence of a tilt is corroborated by the slightly larger
alkyl tail cross section, perpendicular to the bilayer
normal, of 22.3 Å2 (calculated from the ds reflection at
approximately 4.0-4.2 Å, using the relation40,41 alkyl tail
cross section ) 2ds2/x3.
Conclusions
Wehavesynthesized fivenewbolaform-typeandgemini-
type bisphosphate surfactants and studied their aggrega-
tion in aqueous solution. The geminis 12-6-12, 12-8-12,
and 12-12-12 form micellar aggregates. The cmc’s are
very low, which is characteristic for geminis. The coun-
terion binding constants â are low as well, indicating a
small headgroup repulsion in the micelle. This has been
attributed to the effect of the spacer, which keeps the
headgroups far apart.
The bolaform amphiphiles 12-18-12 and 12-24-12 form
vesicles in aqueous solution. Both surfactants display a
noncooperative transitionaround48.5 °C for 12-18-12and
60.5 °C for 12-24-12. 1H and 31P NMR line-broadening
studiesgaveunexpected results: linebroadeningoccurred
above the Tc.
XRD studies revealed that the spacer of 12-24-12 is
indeedmembranespanningwithin thevesicularstructure.
For 12-18-12, the spacer is not membrane spanning.
It is clear that gemini and bolaform bisphosphate
surfactants are an interesting class of amphiphiles with
unusual properties. Further studies of their aggregation
in aqueous solutions will be reported in due course.
Experimental Section
Materials. n-Dodecyl phosphate was prepared according to
a standard literature procedure.42 1,6-Dibromohexane, 1,8-
dibromooctane, 1,18-dibromooctadecane, and 1,12-dibromodode-
(40) Tardieu, A.; Luzzati, V.; Reman, F. C. J. Mol. Biol. 1973, 75,
711.
(41) Sommerdijk, N. A. J. M.; Feiters, M. C.; Nolte, R. J. M.;
Zwanenburg, B. Recl. Trav. Chim. Pays-Bas 1994, 113, 194.
(42) Nelson, A. K.; Toy, A. D. F. Inorg. Chem. 1963, 2, 775.
Table 4. XRD Results Related to the Geometry of the 12-s-12 Surfactants As Derived from CPK Models
s geometry in Åa d in Åb alkyl tail cross section in Å2 proposed packinge
8 25.5 (), 23-25 (Z), 49 (ext) 23.9, 47.9 19.3 C12 mono- or bilayer
34.7, 30.1, 24.0 intercalated bilayer
12 22-23 (Z), 55 (ext) 20.7 22.3 30° tilted C12 monolayer
18 20 (“), 31-32 (Z), 63 (ext) 40.9, 27.2 20.0
41.4, hydrated C12 bilayer
27.5c hydrated 30° tilted monolayer
40.8, 26.3d C12 bilayer, tilted monolayer
24 37 (\), 70 (ext) 38.6 19.7
38.8c hydrated C24 monolayer
36.3d C24 monolayer
a , \, “, Z, see Figure 8a; ext ) fully extended. b Underlined values have been obtained from low-angle measurements. c 50% relative
humidity. d 0% relative humidity. e See Figure 8.
Figure 8. (a) Possible conformations of gemini/bolaform
surfactants. (b) Possible modes of packing in bilayers. Arrows
indicate the periodicity observed in an XRD experiment on
stacked bilayers.
Figure 9. XRD (CoKR radiation) of dried samples of 12-24-12
with controlled relative humidities (s, 50% RH; - - -, 0% RH).
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canewerepurchased fromJanssenChimicaandusedas received.
Pyrene, pinacyanol chloride,NaAc, andHEPESwere purchased
from Aldrich and were used as received. The water used
throughout the experiments was distilled twice in an all quartz
distillation apparatus. NaAc/HEPES buffer (pH 7.4) was
preparedbydissolvingNaAcandHEPESindouble-distilledwater
to give final concentrations of 5 mM NaAc and HEPES.
NMRspectrawererecordedonaVarianGemini200oraVarian
VXR-300, using the chemical shifts of the solvents as internal
standards. Infrared spectra were recorded on a Perkin-Elmer
841 infrared spectrophotometer as KBr pellets. Melting points
were determined on a Mettler FP1 melting point apparatus
equippedwith anErnst LeitzWetzlarmicroscope 411657. Mass
spectra were recorded using an AEI-MS9 mass spectrometer.
1,24-Dibromotetracosane. This compoundwassynthesized
from 1,24-tetracosanedioic acid43 by reduction with LiAlH4 in
THF under a N2 atmosphere. The diol was converted into the
dibromide in a HBr/AcOH mixture, according to a literature
procedure.44 1H-NMR (CDCl3, 200 MHz): ä 3.42 (t, J ) 6.7 Hz,
4H); 1.83 (m, 4H); 1.27 (s, 40H). 13C-NMR (CDCl3, 200 MHz):
ä 34.05, 32.81, 29.62, 29.42, 28.74, 28.15 (t).
12-s-12 Surfactants. These were synthesized according to
the method described by Bauman.25 In short, n-dodecyl phos-
phate (5 mmol) was dissolved in a 25% methanolic N(CH3)4OH
solution (containing exactly 10 mmol of N(CH3)4OH), and the
methanol was removed in vacuo over a period of 20 min. The
oily residue was taken up in acetonitrile (20-40 mL), and the
R,ö-alkyl dibromide (2.5 mmol) was added with stirring. The
reaction mixture was refluxed for 3-15 h (longer reflux periods
for the longer alkyl dibromides) with the formation of a white
precipitate. The solvent was then removed in vacuo, and the
white solid was dissolved in water. The aqueous solution was
acidifiedwithHCl to a pHof< 0.5, and thewhite precipitatewas
collectedonaBu¨chner funnel andwashed thoroughlywithwater.
The filtrate was extracted once with diethyl ether, and the
bisphosphoric acid was crystallized from 96% ethanol, yielding
the 12-s-12 surfactant in 80-90%yield. Thebisphosphoric acids
were subjected to theusual analyticalmethods. 1H-NMRspectra
were all as expected, with resonances at 4.05 ppm (q, CH2O),
1.69 ppm (CH2CH2O), 1.27 ppm (s, (CH2)n), and 0.89 ppm (t,
CH3). In the 31P-NMR spectra, a single resonance around 1.5
ppm was observed for all compounds. This chemical shift is
concentration dependent. The IR spectra showed the charac-
teristic absorption bands25,26 around 1640 cm-1 (PsOH), 1215
cm-1 (PdO), and1050 cm-1 (PsOsC). Elemental analyseswere
not satisfactory for the bisphosphoric acids 12-6-12 and 12-24-
12, due to their hygroscopic properties.
12-6-12. Mp: 79.5-85.4 °C. Anal. Calcd for C30H64O8P2: C,
58.61; H, 10.49. Found: C, 57.23; H, 10.00.
12-8-12. Mp: 88.9-90.2 °C. Anal. Calcd for C32H68O8P2: C,
59.79; H, 10.66. Found: C, 59.19; H, 10.25. Exact mass:
theoretical, 642.439; found, 642.439.
12-12-12. Mp: 88.9-91.2 °C. Anal. Calcd for C36H76O8P2:
C, 61.86; H, 10.96; P, 8.86. Found: C, 61.50; H, 10.88; P, 8.74.
Exact mass: theoretical, 698.502; found, 698.502.
12-18-12. Mp: 97.1-100.0 °C. Anal. Calcd for C42H88O8P2:
C, 64.42; H, 11.33; P, 7.91. Found: C, 64.42; H, 10.99; P, 7.81.
Exact mass: no M+ peak observed.
12-24-12. Mp: 98.8-102.9 °C. Anal. Calcd for C48H100O8P2:
C, 66.48; H, 11.62. Found: C, 67.59; H, 11.32. Exact mass: no
M+ peak observed.
All experiments were performed with the disodium salts of
the bisphosphoric acids. These were prepared by dissolving the
bisphosphoric acid in refluxing absolute ethanol with stirring
and neutralizing the solutionwith an ethanolic NaOEt solution.
The solution was refluxed for 15 min with stirring. When after
this period the solution was not clear, the solution was filtered
throughahardpaper filter, using apreheated glass funnel. After
removal of the ethanol in vacuo the white solid was crystallized
from96%ethanol. The saltswere collected on aBu¨chner funnel,
yielding the disodium salts in >95% yield. After the salts were
dried in vacuo, they were ready for use. The purity was checked
by IR spectroscopy.26
VesiclePreparation. Vesicleswerepreparedat60 °C, either
in double-distilled water or in NaAc/HEPES buffers by means
of two different methods: the ethanol injection method27,28 or a
stirring method. For the ethanol injection method, 5 mg of
surfactant was dissolved in ca. 50 íL of 96% ethanol and 40 íL
of this solution was injected rapidly with a preheated 100 íL
Exmire syringe into 1 g of vigorously stirred double-distilled
water or NaAc/HEPES buffer, which was placed in a water bath
of 60 °C. Stirring was continued for a few minutes.
For the stirring method, ca. 5 mg of surfactant was added to
1 g of double-distilled water or NaAc/HEPES buffers and this
suspension was stirred vigorously for a few minutes in a water
bath at 60 °C. In some cases the solutions were placed in an
ultrasonic water bath (at 60 °C) for 15-30 min afterward.
ElectronMicroscopy. For transmissionelectronmicroscopy
(TEM), the two-droplet method was used for the preparation of
the samples. A droplet of the surfactant solution was placed on
aFormvar/carbon copper grid. After ca.10 s, the gridwasblotted
off and a droplet of a 1% uranyl acetate solution was placed on
the grid. This was blotted off again after ca. 10 s. The grids
were air-dried before examination. For freeze fracture electron
microscopy (FFEM), replicaswerepreparedusingaBalzersEVM
052A electron beam evaporation instrument. Both TEM and
FFEM samples were examined in a Philips EM 201 instrument,
operating at 80 kV.
FluorescenceDepolarization. Into5mLofdouble-distilled
water or NaAc/HEPES buffers, which was brought to the initial
temperature of the experiment (>60 °C) was injected 50 íL of
a surfactant solution were injected using a preheated 100 íL
Exmiresyringe. trans,trans,trans-1,6-Diphenyl-1,3,5-hexatriene
(DPH) (5 íL of a 5  10-5 M solution in THF) was injected into
the surfactant solution to yield a final [DPH] of 5 10-8 M. The
experiments were started immediately after the preparation,
using a quartz cuvet (1 cm). Samples of 12-6-12 and 12-8-12
were prepared by the stirring method in double-distilled water;
samples of 12-12-12 and 12-18-12 were prepared by the ethanol
injection method in NaAc/HEPES buffer; samples of 12-24-12
werepreparedbybothmethods. Measurementswereperformed
with an SLM-AMINCO SPF-500C spectrofluorometer. The
emission and excitation wavelengths were 428 and 360 nm,
respectively. A band-pass of 5 nmwas used. The samples were
thermostated by means of a water bath, and the samples were
allowed toequilibrate for10min. Measurements involvedcooling
scans, with 3 °C intervals. P was calculated from the emitted
light parallel and perpendicular to the direction of the excitation
light, according to P ) (I| - I⊥)/(I| + I⊥). Reported values for P
are average values of five independent measurements.
NMR. The vesicle solutions were prepared at 60 °C by the
stirring method in D2O or in double-distilled water with 10%
D2O, followedbysonication for15-30min. Experiments involved
cooling experiments. For the 1H-NMR experiments, the line
widths of the resonance peaks at 1.2-1.3 ppm were examined.
Differential Scanning Calorimetry (DSC). DSC mea-
surements were performed at the University of Leicester with
a Microcal calorimeter. A 4.35  10-3 M solution of 12-24-12 in
water was heated to 60 °C with stirring for 15-20 min. After
it was cooled to room temperature, the cloudy solution was
degassed and scanned four times by immediately heating the
solution after cooling to 20 °C. The fifth scan was performed
after the solution was kept at 20 °C for 11 h. Analyses of the
scans were carried out with the ORIGIN software.32,36
Conductivity. Inverse resistivities were measured using a
Wayne-Kerr Autobalance Universal Bridge B642 fitted with a
Philips electrode PW9512/01 (cell constant C ) 0.694 cm-1) or
PW9512/00 (cell constant C ) 0.654 cm-1). Solutions were
thermostated for at least 20min prior to the experiment. Small
aliquots (typically 10-50 íL) of a concentrated stock solution
were injected into the cell with a 100 íL Exmire syringe, while
stirringmagnetically. Concentrationswere corrected for volume
changes. Conductivities  were calculated from  ) C/R ) CG.
Pyrene Fluorescence. A saturated solution of pyrene in
water was prepared by adding ca. 2 mg of pyrene to ca. 50 mL
of double-distilled water in a flask excluded from light. The
mixture was vigorously stirred magnetically for 3 h at room
temperature, and it was then allowed to stand overnight with
gentle stirring.
A quartz cuvette was filled with the pyrene solution and
(43) Hu¨nig, S.; Lu¨cke, E.; Brenninger, W. Org. Synth. 1963, 43, 34.
(44) Vogel, A. Vogel’s Textbook of Practical Organic Chemistry, 4th
ed.; Longman: London/New York, 1978; pp 297, 386, 397.
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equilibratedat 25 °C for at least 15min. Small aliquots (typically
10-50 íL) of a concentrated stock solutionwere injected into the
cell with a 100 íL Exmire syringe, while stirring magnetically.
Fluorescence measurements were performed with an SLM-
AMINCO SPF-500C spectrofluorometer, with an excitation
wavelength of 335 nm (band-pass 5 nm). Spectra were recorded
in the ratiomode from 360-390 nm (band-pass 1 nm), by 0.1 nm
steps. The first peak was taken at 372-373 nm, and the third
one was taken at 383 nm. I1/I3 ratios were determined graphi-
cally.
PinacyanolChlorideAbsorption. Aglass cuvettewas filled
with ca. 2.5 g of a 1.03  10-5 M pinacyanol chloride solution in
double-distilled water. Into this solution, small volumes (typi-
cally 10-25 íL)were injectedwith a 100 íLExmire syringe. The
solutionwas stirredmagnetically. Absorptionwasmeasured at
610nm (bandwidth 1nm). The temperaturewas controlledwith
aHaakewater bath. Time intervals of 2minwere takenbetween
the successive injections. Measurements were performed using
a Philips PU 8740 UV/vis scanning spectrophotometer.
Titration Microcalorimetry. Microcalorimetric experi-
ments were performed with an OMEGA Microcal titration
microcalorimeter. Small aliquots (typically 5-10 íL) of a
concentrated surfactant solution (ca. 10(cmc)) were injected into
water. The heat effects were recorded and analyzed with a
computer. Enthalpies were calculated using the ORIGIN
software.
XRD Studies. Samples for the powder diffraction studies
were prepared by dispersing the surfactant in water above the
Tg (final concentration ca. 10 mg/mL) and putting a few drops
of this suspension on a silica wafer, followed by lyophilization
in a desiccator over P2O5. For the low-angle measurements,
special Si single-crystal wafers, cut along the (501) plane, were
used. Powder diffraction measurements were carried out on a
commercial Philips PW 1710 X-ray powder diffractometer
equipped with a Cu LFF X-ray tube operating at 40 kV and 55
mA. For low-angle measurements two Bragg-Brentano dif-
fractometerswereused,45viz. (a) anoptimizedhome-built (NIOZ,
Texel) high-accuracyı-ıdiffractometer equippedwithaCuLFF
tube, a variable divergence and antiscatter slit, and an energy
dispersive Si/Li detector (Kevex), which enables a high peak to
background ratio, and (b) a commercially available ı-ı diffrac-
tometer (Philips), slightly adapted for measuring at low angles,
equipped with a Co LFF tube, a variable divergence slit, a fixed
antiscatter slit, agraphitemonochromator in thediffractedbeam,
a detector of the Peltier-cooled Si/Li type, and a specimen
chamber, the relative humidity (RH) of which can be controlled
by a humidity generator providing for He gas of a desired RH
value.45
Both instruments were operated at 40 kV and 40 mA.
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